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m
Measurements of bee-layer tr~it ion and aerqc +eat

transfer have been msde on an 8-tich-diameter hemisphere -cylhder rocket -
---- . propelled free-f light model. Frel~y restits are presented hereti

for the portion of the fllght at high Reynolds numbers. Data in the form
of Stanton numbers are presented for Mach numbers between 2 and 3 for
free-stream Reynolds numbers based on a le@h of 1 foot between 10.7 x 106
and 17.7  X l&,

*.

It was s,hown that surface roughness has a first-order effect on the
Reynolds number of trmition. Comparison with previous tests indicated
that the ReynoW number of transition breed on momentum thickness on the
hemisphere could be increased from the order of 100 to @O to the order
of 900 to 1,200 by reduc~ the roughness from ~eater thsn 25 rms micro-
inches to less th 5 microfiches for these tes~
ther shown that local roughness was like- to be
average roughness.

mOD~ION

conditions. It was fur-
mre important than

The National Adtisory Committee for Aeronautics is conduct= a
●

series of flight tests to study the aerodynamic heating char~teristics
of blunt shapes. Initial flight tests of blunt shapes h the Mach num-
ber range of 2 to 5 ~icated that bountiy-layer  transition occurs at

p..
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local ~eynolds n~bers based on distance from
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the stagnation point of
B

lxl@to2 xl@. The Reynolds number of transition based on c~culs.ted
momentum thickness was in the range of 100 to MO. It was conjectured & -

that surface ro~ess was causing the very low transition Re~olds num-
ber, the surface roughness of the models being 25 rms microinches or
greater. The results of these tiitial tests =e presented ti references 1
and 2.

In order to find the gross effect of roughness on transition, sev-
eral highly polished blunt noses have been tested. The first of these,
reported in reference 3, had a surface roughness of 2 to ~ microinches.
The local Reynolds. umber of transition waE as high as 17 x 106 and never

$lower than 4.5x 1 for the period-of flight during which data were
obtained. T~se ReynoW ntiers correspond to Re~o~ nfiers based
on momentum thickness of 2,100 and &)O, respectively. In either case
a Iage beneficial effect of polishing is indicated. The present report
contains prel~ results from a second fli~t–test of a highly polished
nose. The model was sn 8-inch-diameter hemisphere-cylinder identicd  to
the “rough” hemisphere-cyltider reported in reference 2. Again the pur-
pose of the test was to determine the gross effect of surface roughness
on transition. The present prelimin~  report contains data obta~
only dining the portion of flight- at high Reyno~ numbers based on a
length of 1 foot (ftist-stage  boost and coast) -d only on the forward
portion of the model. Data we presented fog

3
h ntiers up to 3 and

Reynol& humbers based on dimet= up to @“x . The test was con-
ducted in December 195 at the Langley Pilotl%s Ucraft Rese=ch
Station at Wallops Is-d, Va.

SYMBOLS

h aerodynamic heat-transfer coefficient, Btu/(sec)(sq ft)(°F)

% specific heat, Btu/slug-°F

k thermal conductivity of air, Btu/(sec)(sqft)(OF)/ft

P tiscos~ty of air, slugs/ft-sec

P density, slugs/cu ft

M Mach nmber

v velocity, ft/sec
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Stanton nmber,

pressure, lb/sq

=andtl nuber,

h

ft

k

pm
Reynolds number, ~

temperature

dimeter of model, ft

distsnce from

distance from

distmce from
fiD

stagnation point along surface of model, in.

stagnation point along axis of model, in.

stagnation point to hemisphere- cylfider junction,

4

qle between

ttie, sec

stat ions on hemisphere and stsgnat ion pofit, deg

- thichess, ft

Subscripts:

au adiabatic wall

so is entropic stagnation

v just outs ide boundary layer

z b-cd on distsnce from stqtion po3nt along surface of model

w pertain- to wall materi~

m undisturbed free stream head of model

1 based on length of 1 foot
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FLIG~ TEST

The general model wr~ement and pertinent dimensions of the test
vehicle ae shown in the sketch of figure 1 and in the photograph of
fi~e 2. The body was an &inch-diameter  hemisphere-cylinder having a
fineness ratio of 17.25, stabilized by three tapered trapezoidal magnesium
fins equ~y spaced and welded to the cyltidrica.1  body at the 91.k-percent
body station. The lead~ edges of the fti were.capped with 0.032-inch
hconel to protect the magnesium from excessive aerodynamic heating.
Details of the fins are given in figure 1.

The model was all metal b construction. Spun Inconel was utilized
for the nose section which comprised 20.5 percent of the body length.
The rear section was formed from msgnesium-alloy  skin and a cast msgnesium-
alloy tail sectionto  w~ch the fti were welded. Skin thichesses for
each measuring station are shown in table I. The Inconel portion of the
model was supe~olished  to a roughness of 1 to 5 microinches on the hemi-
spherical dome as measured by an interference microsc~e. The degree of
polish on the cylinder grad- degenerated to 3 to 8 microfiches at
the rearmost portion of the ficonel skin. It was noted that imperfec-
tions ofiundetermined  depth existed at the hemisphere-cylinder Junctue.
The degree of polish is indicated in figure 3. The model was boosted by
an M5 JATO rocket motor and sustained by a 2.8-B-81oo Caju rocket motor -
c=ried titernal.ly. A photograph of model and booster is shown in
figure 4.

0

Instrumentation

The model was equipped with six channels of telemetering, tw of
which transmitted w- temperatures, and four transmitted accelerations
to a ground receiving station. The four accelerometers were to measue
longitu~ (two), normal, and transverse acceleration. The temperature
chmels were c-utated approximately every 0.2 second to transmit tem-
perature measurements at- the locations shown in table I. Thermocouples 1
to 20 were instalJ-ed in the Inconel nose section ~ong two rays 180° ap=t
by welding the chromel-alumel  thermocouples to the tier surface. The
accuracy of the temperature measurements was within *2 percent of full
scale. ~ scale for this test was 1,400° F; therefore, an error of *28°
was possible. A more complete discussion of the general methods of the
temperatme-telemetering techniques employed is presentid. in reference ~.
The stagnation-patit thermocouple measmements ae not discussed herein,
since this paper is devoted to transition at high Reyno~ n.ers.

In addition to the instrumentation carried internally, the model
was tracked by a CW Wppler velocimeter  snd m NACA modified SCR-584
radar to determine the trajectory. Atmospheric and wind conditions were *
determined by me- of radiosondes launchednem the t~ of flight and
tracked by a Rawin set AN/_IA. .
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Test

The mdel was launched at sn elevation sngle of 70°. The booster
accelerated the model to a Mach number of 2.96. The model with burned-
out booster still attached coasted upwards for a predetermined the until
the sustainer rocket motor fired. Data b this report =e conftied to
the first-stage boost (t = O to 3.5 seconds) and tk coasting period
between 4.0 ud 6.o seconds.

DATA RED~ION

S--temperature measmements were telemetered to the ground recei~
station. Model Mach number, velocity, snd altitude (fig. 6(a)) were deter-
mined from SCR-584 position radar measurements and Doppler mloctieter
measurements. Static conditions of temperature, density) d pressure
(fig. 6(b) ) were determined by correlating radiosonde and S~-5& position-
radar measmements.

This information was reduced to the form of Sts.nton number by using
the following relationship:

[1

mw

h 1 PwT+p,w ~
NSt,~ =  (CPPV)V

= ( CPPV)V (Taw - Tw)

Radiation and conduction effects were estimated and found to be SW
snd are therefore neglected in this preltisry report. The skin thick-
ness Tw was measured -d is presented W table I. The density Pw of
Inconel is constsnt. The specific heat Cp,w mies with skin temper-

ature as shown ti reference 5. The rate of change of temperature with
ttie ~w/dt was read mechanically from the measured temperature data
of f-e 5. The thermodynamic properties of air used in the computa-
tions–were-obtained from reference 6.
T a w was obtained from the definition

Recovery factor

The adiabatic wall temperature
of recovery factor

Taw - Tv
=

Tso - Tv
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This leads to

T aw = Tv+N=1/3(Tgo - Tv)

The turbulent recovery factor is considered to be equal t-o N%1/3 ~d

the lsminar recovery factor is considered to be equal to NW1/2, both
based on wall temperature. The stagnation temperature Tso was obtained
with the ass~tion of pertect g=.

Local conditions were obtained by using pressure distributions for
a hemisphere-cyltier  presented in reference 7 md from supersonic f’low
relations for normal shocks (ref. 8).

RESULTS AND DISCWSION

General

Loc~ heat-transfer coefficients (Stanton ntiers) were reduced from * ,
the *perature histories and associated data as described h the section
entitled “Data Reduction.” The
as a function of I/b and Q.
obtained at a given time during
Mach number md Reynolds n~er
which data ae presented are as

Stanton numbers tie presented in figure 7
Each part of figure 7 presents data .

the flight corresponding to a certain
condition. The times and conditions for
follows :

t, sec & %,1

Power on 2.14 13.7X 106
(accelerat@ flight) ;:2 2.73 17.0

3.5 2*96 17.7

Power off 4.0 2.78
(coasting flight)

15.9X 106
2.42 12.7

z:: 2.17 10.7

Fees 7(a) to 7(c)
flight, during which ttie-
le~th of 1 foot increase
ures 7(d) to 7(f) present

present data for the power-on accelerating
Mach nuber and Reyno ds number based on a

2to 2.96 and 17.7 x 10 , respectimly. Fig-
data for the coast- ticelerating portion of

hi
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the flight as the

j:,~ 7

Mach number and Re~olds number based on a length of
1 foot decrease to 2.17 and 10.7 x 106, respectively.

The lsmin= theories of references 9 and 10 md the turbulent flat-
plate theory of reference U =e also presented in figure 7. Boundary-
layer-transition location as indicated by an abrupt md lage ’increase
in Stanton nwber is pointed out on’each f-e and the trasition
ReynoW numbers we noted.

Tr-ition

Description of transition movement.- At the earliest time
(t = 2.5 secondssofigi,~(a)  ) at which data were obtained, transition
OCCUrS at e = = 0.833). Transition remains at this location
until t = 3.5 seconds (fig. 7(c)), at which time it moves to e = 600

(Z/b = 0.667). During this time (t = 2.5 to 3.5 seconds) the local
Reynolds nwber of transition based on calculated momentum thi~ess
increased slightly from 1,100 to 1,200 and then decreased to 940. The
local Reynolds number of tr=si ion based on Ustance fro the stagna-
tion point mied from 4.6 x 10t 8to 4.3x 106 to 4.4x 10 . Stanton num-
bers reduced from both rays (0° aud l~”) of thermocouples agreed in
sho~ the location of tr-ition during this perid.

After t = 3.5 secon~ the model decelerates and Mach number ad
Reynolds ntier decrease. Transition moves re=ward and at t = 4.0 sec-
onds (fig. 7(d)) Stanton numbers reduced from the 180° ray of thermo-
couple measurements inticate tr-ition at e = 90° (Z/b = 1) while meas-
urements from the 0° ray show transition f= back on the cylinder at
Z/b= 3.23. This condition remains throughout t = 6 seconds (fig. 7(f))~
the only change being that the truition point moves from Z/b= 3.23
to Z/b = 2.6. Normal and transverse accelerometers show that the model
was flying at nearly zero (A0.4°) angle of attack during this period of
the flight, thereby precluding the ~le of attack as a possible expha-
tion for the different locations of transition on opposite sides of the
missile. Since the flow is ~ to Z/b = 2.6 to 3.23 on one side
of the model, there is obvious~ no aerodynamic (Mach number, Reyno~s
number, heat=, and so forth) p=ameter cawing trmition at e = 90°
on the opposite side; therefore, a physical disturbance (loc~ roughness)
is considered to be the cause of transition at e s goo. The possible
cont~tion effects of this local roughness =e discussed in a sub-
sequent section. The Reynolds number of trmsition  between t = 4 @
6 seconds on the bottom side v=ied between 1,470 d 1,270 base on

r 2calculated momentum thictiess  and between 15.1 x 10 and 9.9 X 10 based
on distance from the stqtion point.

Comp=ison with previous test results.- Reference 2 presents aero-
dynamic heating ti transition data from apreviom flight test of an
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8-tich-dismeter  hemisphere-cyltider  rocket model. The ftist portion of
t~s previous flight test was very sMW to the present model in the
variation of Mach number and Reynolds number. The major difference .

between the two models was the surface roughness. Werew the present
model had a roughness of 1 to 5 microinches, the previous model had a
surface roughness greater than 25 rms microinches. Transition on the
“rough” model during power-on flight’ (t = ~ ‘o 3c75 ~~n*) occurred
at local Reynolds nmbers between 0.5 x 10 md 2 x O based on dj.stence
from the stagnation petit or between lx md 300 based on calctited momen-
tm thickness. These values compme with ~ues of 4.4 x 106 end 900 to
1,200, respectinly, for the present test (figs. 7(a) to7(c)). The con-
clusion is obvious: reduc~ the surface roughness had a Wge effect
on the tren.sitim Reynolds number when the Reynolds number based on a
length of 1 foot was ~ enough to cause tr~itlon  on this hemisphere.

Turbulence from the bottom side (t ~ 4 seconds, e = go”, Z/b . 1)
did not have a large effect on tr~sitiofi on the opposite side. This is
evidenced by the fact that location of trmsition  after leav~ a posi-
tion on the nose was the same for the “smooth” and the “rough” models,
that is, 2/b s 3.25. It was obsermd that local ro~ess at the e = goo
( Z/b = 1) point of the “smooth” model was greater than the >25 rms micro-
inch ftish of the “rough” model. These imperfections COW not be removed
by polishing d were worse then similar local. bad spots on the rough
model. . t

Reference 3 presents heat- and transition measwements  on a h-y
polished (2 to 5 ticroiuches) hemisphere-cone model. This test resUted  -

in local Reynolds numbers of tr~ition as high as 1,900 to 2,100 based
on momentu thicbess or 15 x 10 based on distance from stagnation point.
However, as the Reyno- number based on a length of 1 foot increased,
transition mowd forward and RQ and RV,Z tiopped to 800 snd 5X 106,
respectively. This lower value of trmsition Reynolds number is of the
same order u the rein- Reyno~ ntier of transition measured in the
present test. Some quantitative obserntions may be made from these two
tests for blunt noses having surface finishes of 1 to 5 microinches.
=n= flow may be obtained at Reynolds nwbers  based on momentum thick-
ness as high a8 1,~0 to 2,000 on the h-sphere, but wi h Reynolds nm-

2hers based on a length of 1 foot of the order of 18x 10 , values of 800
seem to be a more re=onable ve3ue at- which to expect tr~sition to occur.

It has been con~ectured that the model surface becomes roughened
in flight and results in a “~ump” in trmsition  location. Reference 3, ●

which showed a ‘*SUMP” from Re of 2,100 to Re of ~ in a very short
period of the, tended to support this conjecture. The present test,
however, would indicate the opposite. Ftist, the.movement of transiti~
seems close~ tiied with Reynolds number based on a length of 1 foot,
which indicates that no l~ge local roughness suddenly appeared; and, z

second, when the mdel decelerated, trasition  Reynolds numbers were u
.
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high as dining accelerating flight, indicating the absence of a progres-
sive increase in average surface roughness which would have moved tr-si-
tion gradusJ-ly forw=d with t3me for given conditions.

Heat-transfer coefficients.- The heat-transfer coefficients of lsmin=
magnitude appear to agree reasonably well with the lsminar theories of
references 9 ad 10, especially beyond 0 = 30°. The turbulent data when
faired =e in fair agreement with flat-plate theorv of reference 11. It
is significant
appreciably or

that ~he tubulent values at the
consistently higher than theory.

tr”msition petit =e not

A higUy polished 8-inch-dismeter  hemisphere-cylinder has been flight
tested to–ob~a-ti  boundary-layer transition snd aer~ynamic  heating informa-
tion. &el~sry results of this flight test are presented herein for
the portion of the flight at high Reynolds numbers based on a length of
1 foot. Data =e presented in the form of Stuton numbers for Mach nw-
bers between 2 end 3 for fr e-stream Reynolds numbers based on a length
of 1 foot between 10.7 x 10% and 17.7 X 106. The following observations
were made from the present data md comp=isow tith pretious tests in
this program:

1. Lsminar flow on the hemisphere was obtained to local Reynolds
numbers based on momentum thichess as high as 1,200. A the highest

&Reynolds number based on a length of 1 foot of 17.7 X 1 the local
Reynolds number of tr-ition was 940.

2. The effect of reducing the suface roughness from greater than
25 rms microinches  to less th- 5 microfiches was to increase tr-sition
Reynolds numbers from between 100 -d 400 to values from 940 to 1,200.

3. This minimum Reynolds number of transition (940) is h good agree-
ment with results presented in NACA Research Memorandum L57D05 for a blunt
nose of about the ssme surface finish (2 to 5 microinches), indicating the
repeatability of trmsition location b practical application.

4. It appeared that a local roughness condition cawed transition
on one side of the cyltider du~ a portion of the fl~ht. The loca-
tion of transition on the opposite side of the mdel was not apparently
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affected to any large extent by contamination from turbulence emanat~
from ttis point.

@ley Aeronautical Laboratory,
National Adtisor.y C_ttee for Aeronautics,

Langley Field, Vs., April 8, 1957.
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TABLE I.- LOCATION OF TmOCO~S

hermocouple 0, deg x, in. Z, in. 1/b Skin
number thickness, in.

1 0 0 0 0 0.039
2 7*5 .04 .524 .083 .039

15 .15 1.05 .167 .039
: .* 2.09 ~ 333 .034

z 1.17 3.14 . ~o .033
2 60 2.00 4.19 .667 ● 034
7 2.96 5.23 .834 .033

;2 4.00 6.28 1.000 .027
: ----- 7.00 9.28 1.48 .033

alo -- ~g 1.17 3.14 .50 .033
a= 2.00 4.19 .667 ● 034
a~ -90 4.00 6.28 1.00 . Oq
13 10.00 =.28 1.96 .034
14 14.00 16.28 2.59 .033
15 18.00 20.28 3.23 .034
16 22.00 24.28 3.% .033

a17 7.00 9.28 1.48 .033
a18 10.00 =.28 1.96 .034
alg 14.00 16.28 2.59 .033
a20 18.00 20.28 3.23 .034

a1800 from main line of thermocouples.

.-

. .

.

.

.

.
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(b) Model mounted on Muncher. L-97086

Figure 3.- Concluded.
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Fi~e 4.- Mdel-booster  combination on launcher. L-97088

.



NACA RM L57D18c

Sta 8, 1.2 ~00

Sta 7 500

Sta 6, 11 500

Sta 5, 10 500

Sta 4 500

Sta 3 ~00

Tw, %

Sta 2

1000

900

800

700

600

500
0 1 2 3 b 5 6

t, a e o
7

Figure 5.- Skin temperatmes  measured in flight.
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F@e 6. - Test conditions.
.
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(b) Free-stre- static temperature, density, and pressure.

Figure 6.- concluded.
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(a) t = 2.5; M = 2.14; ~,1 = 13.7 x 106.

Figure 7.- Exper~@al and,,$heoretical  Stanton numtirs,  terrIperature  ratios,
and local Reynolds numbers based on distance from sta~tion point.
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(b) t = 3.0; M = 2.73; ~,1 = 17.0 x 106.

Figure 7.- Continued.
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Figure 7.- Cont_ed.
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Fi~e 7.- Contiw.ed.
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